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ABSTRACT: This paper presents an analysis of the joint effect of fluorite and gypsum as mineralizers in the 
manufacture of Portland cement. A laboratory- scale Box-Behnken statistical design was used to quantify the 
effects of the explanatory variables fluorite content (0.00, 0.25, 0.50, and 0.75%), fluorite/gypsum ratio (2/15, 
1/3 and 8/15), and clinkering temperature (1250, 1300, and 1350 °C) on the response variable free CaO content 
in the clinker produced. The clinker was characterized by the ethylene method, XRD, DSC and optical micros-
copy. Free CaO decreases of 81% and 56% were found in the mineralized clinker, compared to the same clinker 
without mineralizers, at 1300 °C and 1250 °C, respectively. Petrographic analysis showed that at lower tempera-
tures, the amount of alite in the mineralized clinker was higher than the amount of alite in the clinker without 
mineralizers. The best condition was found for the fluorite/gypsum ratio of 2/15.
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RESUMEN: Relación óptima de los mineralizadores fluorita/yeso en la clinkerización del cemento Portland. Este 
artículo presenta el efecto combinado de la fluorita y el yeso como mineralizadores. Se usó el diseño experi-
mental estadístico Box-Behnken, a escala de laboratorio, para cuantificar el efecto de la fluorita en porcentajes 
de 0.00, 0.25, 0.50 y 0.75%; relaciones fluorita/yeso de 2/15, 1/3 y 8/15; con temperaturas de clinkerización de 
1250, 1300 y 1350 °C y la cal libre como variable de respuesta. El clínker producido fue caracterizado midiendo 
el contenido de cal libre por el método de etileno, DRX, DSC y microscopía óptica. Se encontró un descenso 
de la cal libre del 81 y 56% en el clinker mineralizado en comparación con el clinker sin mineralizadores a 1300 
y 1250 °C respectivamente. El análisis petrográfico mostró que la cantidad de alita en el clinker mineralizado 
a bajas temperaturas es más alta que en el clinker sin mineralizadores. La mejor condición se encontró para la 
relación fluorita/yeso de 2/15.
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1. INTRODUCTION
Portland cement is obtained by comminuting clin-
kers and adding one or more forms of calcium  sulfate. 
The addition of other raw materials ( pozzolans and 
fillers) is allowed, provided that they do not nega-
tively affect the properties of the resulting cement (1).
In the Portland cement manufacturing process, 
fuel costs during the clinkering stage account for ap -
proximately 30–50% of cement production costs (2). 
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This percentage is due to the high kiln operation 
temperature, which is around 1500 °C. This implies 
high fossil fuel-based energy consumption, green-
house gas emissions, a short useful life of the refrac-
tory material, and high electricity usage, among 
other issues (3–6).
One of the most significant environmental prob-
lems of the cement industry is that 0.73–0.99 tons of 
CO2 are emitted per ton of cement manufactured, 
depending on the clinker/cement ratio and other fac-
tors. From these data, some researchers have esti-
mated that the cement industry is responsible for 
5–7% of all global anthropogenic emissions (7, 8).
Many solutions have been proposed to address 
these drawbacks. These include: the use of energy 
alternatives (9), technological developments in the 
clinkering process (4), the use of by-products as 
raw materials (6, 9–11), the use of mineralizers and 
fluxes to reduce the clinkering temperature and 
accelerate the formation of the main mineral phases 
(10,  12,  13), the use of  mineral additions to the 
cement (puzzolans and fillers) to lower the clinker/
cement ratio (14), alternative cements (10, 15, 16), 
and the development of high-performance concrete 
(17), among others. The use of  mineralizers has 
proven to be a very good option in this regard, but it 
is not yet fully understood.
Mineralization accelerates the formation pro-
cess of  the main constitutive phases of  the clinker 
(C3S and C2S) by changing their thermodynamic 
stability. This allows them to appear at a lower 
temperature (12, 13). The inclusion of  minor ele-
ments from  mineralizers can lead to modifications 
in the hydraulic activity of  silicates, due to the 
 formation of  solid solutions or changes in their 
structure (18).
Mineralizers can act as fluxes. A flux is a mate-
rial with high heat transfer that melts at a lower 
temperature than the compound of interest, in this 
case the calcium silicates. Fluxes decrease the tem-
perature at which aluminium and iron oxide melt. 
Furthermore, they decrease the viscosity and sur-
face tension of the liquidus that facilitate the trans-
port of  reactants and allow silicates to form at lower 
temperatures (12, 13). This makes it possible to use 
less coal and thus emit lower levels of  CO2, NOx, 
and SOx into the atmosphere.
The mineralizers and fluxes studied in the clin-
kering process include Titanium, Manganese, Silver, 
Iron, Zinc, Chrome, Nickel, Copper (9, 19–22), 
phosphate gypsum (23), sulfate, fluorite (24–27), 
MgO (28, 29), and potassium fluoride (24).
In general, mineralizers are responsible for the 
following (26, 30, 31):
A decrease in:
• Clinkering temperature and liquid phase 
formation;
• Caloric consumption;
• Gas emissions (CO2, SOx, NOx), due to  decreased 
fuel usage;
• Residence time inside the kiln, due to the for-
mation of  phases at a lower temperature (with 
the same heating rate of  a process without 
mineralization);
• Energy consumption in the milling process, 
because a more pulverized clinker is produced;
• Costs, due to decreased fuel usage.
An increase in:
• C3S content, due to increased ionic mobility;
• C3S and C2S reactivity, due to the crystalline 
structure formed by trace elements;
• Final product strength properties, due to the 
new crystalline structure;
• Cement mill production, because the higher 
porosity of the clinker produced makes it easier 
to mill;
• Service life of furnace firebrick, due to the lower 
working temperatures.
Most mineralizers employed contain fluorine, 
due to its electronegativity. The most common of 
these are fluorides and fluoro-silicates (12, 13).
CaF2 is the material that is most used at a global 
level, because it acts as both a mineralizer and a 
flux. It lowers the alite formation temperature by 
improving solid-state diffusions (28). CaF2 also 
reduces the formation temperature, viscosity and 
surface tension of the liquid phase (28). At bench/
lab scale, fluorite causes the clinkering temperature 
to decrease by around 130 °C (26). When 0.4 wt.% 
CaF2 is added to the clinker, the amount of alite 
increases and the mechanical properties improve by 
about 20% (32). According to Chatterjee (4), this 
improvement in cement strength occurs because the 
fluorine enables  the alite to change from a mono-
clinic (M3) to a rhombohedral polymorph.
The use of gypsum in some cement factories has 
had positive environmental and energetic results (25). 
However, a disadvantage of using sulfate as a min-
eralizer is that it causes belite stabilization, which 
inhibits alite formation (4, 10). This effect is coun-
teracted if  sulfate is combined with fluoride (33).
The use of CaF2 and CaSO4.2H2O in clinker-
ing can allow the maximum clinkering temperature 
decreases to 1350 °C (34) due to the formation of flu-
orellestadite (3C2S.CaSO4.CaF2), which is an inter-
mediate phase in the liquid phase formation (30). For 
this reason, these mineralizers are capable of partially 
substituting for C3A and C4AF (35, 36). This combi-
nation has been so successful that some researchers 
suggest that other mineralizers without F  and SO3 
are not likely to be put into actual use (37).
Other researchers have shown that coal con-
sumption in the production of white cement can 
be reduced by 9% by using a CaF2-CaSO4 mixture 
(30). It is known that when fluorite and gypsum are 
Optimal fluorite/gypsum mineralizer ratio in Portland cement clinkering • 3
Materiales de Construcción 66 (322), April–June 2016, e086. ISSN-L: 0465-2746. doi: http://dx.doi.org/10.3989/mc.2016.05515
combined as mineralizers, the fluorite accelerates 
alite formation, while the gypsum diminishes the 
liquid phase formation temperature. Additionally, 
fluorite and gypsum are natural minerals that are 
readily available for industrial use.
In the present research, we determined the opti-
mal fluorite/gypsum ratio for reaching the maximum 
decrease in clinkering temperature for gray cement 
production.
2. EXPERIMENTAL
Clinkers with and without mineralizers were 
produced in the laboratory with reagent oxides, at 
 different temperatures (1250, 1300, and 1350 °C).
Raw materials were characterized by X-Ray fluores-
cence (XRF) to determine their chemical composition.
Samples were formulated with CaO, SiO2, 
Al2O3, Fe2O3 and with the mineralizers CaF2 and 
CaSO4.2H2O. A reference clinker was produced in 
the laboratory for each temperature, taking into con-
sideration the lime saturation factor (LSF=95.18), 
silica modulus (SM=2.51) and alumina modulus 
(AM=1.59). Fluorite and gypsum were added to 
raw meal in percentage in weight, with fluorite in 
0.25, 0.50, and 0.75 wt.% and a fluorite/gypsum 
ratio of  2/15, 8/15, and 1/3 (Table 1).
Afterwards, the raw meal was homogenized and 
spheres with a diameter of 2.5 cm were formed using 
deionized water.
Clinker formation was studied mainly on the 
basis of  free lime content in the burned samples. 
This is the most widely used procedure because the 
calcium oxide, initially formed by CaCO3 dissocia-
tion, is gradually consumed by the clinker phases 
(20). The free lime was measured with the ethylene 
method; optical microscopy; Differential Scanning 
Calorimetry (DSC); and X-Ray Diffraction (XRD).
2.1. Materials
Reagent grade CaO, SiO2, Al2O3, and Fe2O3 were 
used. Aldrich, Carlo Erba and Sigma supplied these 
oxides.
Fluorite (CaF2) with 80.99% purity was obtained 
from Minera Las Cuevas (Mexico) and Gypsum 
(CaSO4.2H2O) was obtained from Spain.
2.2. Methods
2.2.1. Chemical analysis
X-ray fluorescence (XRF) was performed on 
raw materials using beads fused with lithium boride 
(B4Li2O7). The equipment used was a Thermo ARL 
9800 XP spectrometer.
2.2.2. High temperature furnace
A BLF 17/3 Carbolite furnace was used to pro-
duce the clinker, with a maximum temperature of 
1700 °C and 220 V. The heating rate for all tests 
was the same (10 °C/min); only the maximum clin-
kering temperature changed. The residence time 
for each sample at higher temperatures was always 
40  minutes. Clinkering processes were carried out 
in an artisanal crucible made from refractory brick, 
reference ALMAG AF of Refratechnik. When the 
heating process for each test was completed, the 
crucible with the red hot sample was removed from 
the furnace. All clinkers were cooled with air from a 
compressor at 5 psi for 10 minutes to reach a final 
temperature of approximately 40 °C.
2.2.3. X-ray diffraction (XRD)
The XRD patterns were collected in a PANalytical 
X’Pert PRO MPD, with a Cu source, Bragg-Brentano 
configuration, a range from 15° to 70° of 2theta, an X 
Celerator detector step of 0.016° and an  accumulation 
time of  more than 10000 counts in the main peak. 
The mineralogical analysis was performed by Rietveld 
methodology using High Score Plus software and the 
Inorganic Crystal Structure Database (ICSD).
2.2.4. Differential Scanning Calorimetry (DSC)
This was performed using SDT Q600 equipment 
with an inert atmosphere of  N2, an alumina melt-
ing pot of  90 mL, a scan rate of  20 °/min and a 
 temperature ramp from 25 °C to 1500 °C.
Table 1. Matrix tests according to the Box-Behnken design
Test
CaF2/CaSO4.2H2O 
Ratio
Mineralizer 
(CaF2) % Temperature °C
1 2/15 0.25 1300
2 2/15 0.75 1300
3 8/15 0.25 1300
4 8/15 0.75 1300
5 2/15 0.50 1250
6 2/15 0.50 1350
7 8/15 0.50 1250
8 8/15 0.50 1300
9 1/3 0.25 1250
10 1/3 0.25 1350
11 1/3 0.75 1250
12 1/3 0.75 1350
13 1/3 0.50 1300
14 1/3 0.50 1300
15 1/3 0.50 1300
Central 1 1/3 0.50 1300
Central 2 1/3 0.50 1300
Central 3 1/3 0.50 1300
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2.2.5. Optical Microscopy
An OLYMPUS MMQC-005 petrographic mi -
croscope, model BX41, was used to qualitatively 
analyze the clinker obtained, in order to identify the 
phases formed. The petrographic analysis was per-
formed with reflected light on polished specimens 
etched with nital (nitric acid at 1% in isopropyl 
alcohol).
2.2.6. Measurement of free lime with the ethylene 
method
This test was performed to provide an indica-
tor of  the degree of  clinkering in the material. 
Free lime was measured by dissolving CaO in a 
methanol:ethylene glycol (1:2) mixture at a tem-
perature of  80 °C with constant agitation. After 
the solution was filtered, it was titrated with 0.1 N 
hydrochloric acid using bromocresol green - Methyl 
red as a mixed indicator.
2.2.7. Experimental design
A Box-Behnken statistical design was used  in 
this study. The factors considered were fluorite 
content, fluorite/gypsum ratio and clinkering tem-
perature. The response variable was free lime. The 
levels of  each factor were taken from previous stud-
ies on mineralization (26, 35). This study explored 
the effects of  fluorite and gypsum at low and high 
levels. Table 1 shows the matrix design for ran-
domized trials. The central points are additional 
experimental runs located at a midpoint between 
the lower and higher level of  all factors. This is 
done to estimate experimental error and adjust the 
model.
3. RESULTS AND DISCUSSION
3.1. Characterization of raw materials
The X-Ray Fluorescence (XRF) results showed 
that the oxides and mineralizers used had high purity 
(Table 2). This enables a better understanding of the 
effect of fluorite and gypsum on clinkering temper-
ature and prevents that mineralizers interact with 
other compounds as contaminants.
3.2. Characterization of clinkers
3.2.1. Measurement of free CaO in the clinker: Free 
CaO determined by titration is shown in Table 3
The results obtained were grouped by clinkering 
temperature, as follows (Figures 1, 2, and 3):
At 1300 °C and 1250 °C (Figures 2 and 3) all the 
formulations with mineralization had less free CaO 
than the reference sample, as a result of more efficient 
clinkering (the reaction of the raw materials with the 
mineralizers increased alite production). The refer-
ence sample at 1350 °C (Figure 1) had lower free 
CaO than the mixtures with fluorite and gypsum at 
the same temperature. One hypothesis to explain this 
behavior is that when the samples reached 1350 °C, 
fluorine volatilization occurred and this became a 
Table 2. Chemical analysis of raw materials by XRF
Oxide (%) Fe2O3 Al2O3 SiO2 CaO CaF2 CaSO4.2H2O
SiO2 – – 98.65 – 4.75 1.58
Al2O3 – 93.80 0.03 – 0.42 0.57
Fe2O3 93.37 – 0.05 – 0.10 0.18
CaO – 0.21 0.39 85.81 43.50 33.50
MgO – – – – – 0.20
SO3 – 0.32 – 0.82 0.05 42.10
F – – – – 47.80 –
Na2O – 0.02 – – – –
K2O – – 0.08 – 0.14 0.08
MnO – 0.01 0.01 – – 0.01
P2O5 – – – 0.05 0.18 0.05
Sr – – – – – 0.09
TiO2 – 0.01 0.04 – 0.14 0.01
Cr2O3 – – – – 0.01 –
L.O.I 0.25 5.81 0.76 12.33 3.91 22.30
Table 3. Matrix tests according to the Box-Behnken 
design, and free lime obtained
Test
CaF2/CaSO4. 
2H2O Ratio
Mineralizer 
(CaF2) %
Temperature 
°C
Free 
CaO in 
clinker
1 2/15 0.25 1300 6.95
2 2/15 0.75 1300 1.93
3 8/15 0.25 1300 8.15
4 8/15 0.75 1300 4.29
5 2/15 0.50 1250 5.42
6 2/15 0.50 1350 2.24
7 8/15 0.50 1250 8.28
8 8/15 0.50 1300 2.54
9 1/3 0.25 1250 10.39
10 1/3 0.25 1350 4.04
11 1/3 0.75 1250 5.49
12 1/3 0.75 1350 3.14
13 1/3 0.50 1300 6.24
14 1/3 0.50 1300 5.32
15 1/3 0.50 1300 5.20
Central 1 1/3 0.50 1300 4.70
Central 2 1/3 0.50 1300 5.22
Central 3 1/3 0.50 1300 5.20
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limiting factor for mineralization. It is well known 
that fluorine evaporates easily at high temperatures, 
like alkalies and sulfates (28).
The tests that showed the lowest free CaO 
(tests 6, 2, and 5) are highlighted in Figures 1, 2, 
and 3. These formulations had a CaF2/CaSO4.2H2O 
ratio of  2/15. The high fluorite content (0.75 and 
0.5%) facilitated the reaction of  C2S with CaO to 
form C3S.
In Figure 2 and Table 3, when comparing the ref-
erence at 1300 °C (without mineralization) with test 
2 (CaF2/CaSO4.2H2O=2/15, temperature=1300 °C, 
and fluorite=0.75) an 81% decrease in free CaO can 
be observed in the mineralized clinker. Moreover, 
in Figure 3 and Table 3, when comparing the refer-
ence at 1250 °C with test 5 (CaF2/CaSO4.2H2O=2/15, 
temperature=1250 °C, and fluorite=0.50) a 56% 
decrease in free CaO can be observed. Thus, the 
CaF2/CaSO4.2H2O=2/15 ratio plays an important 
role in reducing clinkering temperature, i.e., in the 
formation of calcium silicates (C2S and C3S). The 
effect of the 2/15 fluorite/gypsum ratio on the clin-
ker was more noticeable at 1300 °C.
3.2.2. X-ray diffraction (XRD)
Table 4 and Figures 4, 5, and 6 show the iden-
tification and quantification of clinker phases with 
and without mineralizers. In order to ensure a good 
fit of the calculated pattern to the observed data, we 
looked for a weighted-profile R-value (Rwp) below 
10% for all samples.
Figure 4 (1350 °C) and Table 4 show that alite 
content decreased and belite content increased when 
mineralizers were present. This is consistent with the 
higher free lime content found in these samples by 
titration, which means that the clinkering process 
for the mineralized clinker was incomplete at this 
temperature.
Figures 5 and 6 (1300 °C and 1250 °C) and Table 4 
show that alite content increased and belite content 
decreased when mineralizers were present. This is 
consistent with the lower free lime content found 
in these samples by titration, which means that the 
mineralized clinker was more sintered at these tem-
peratures. This result is consistent with those of 
researchers including Akin (21), who found that C3S 
formation increased with the addition of fluorine.
The free CaO of  the mineralized clinker was 
lower than that of the clinker without fluorite and 
gypsum (Figures 5 and 6). This indicates that the 
mineralizers improved the clinkering process.
3.2.3. Differential Scanning Calorimetry (DSC)
Figures 7, 8, and 9 show that the raw material 
with mineralizers presented clinkering (C3S and C2S 
formation) at lower temperatures than the raw mate-
rial without mineralizers.
The DSC technique also showed that the mineral-
izers had the greatest effect at temperatures between 
1250 °C and 1300 °C.
Figure 1. Free CaO at 1350 °C.
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Figure 3. Free CaO at 1250 °C.
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Table 4. Mineralogical analysis of the clinker with and without mineralization (XRD)
Quantitative analysis of clinkers (wt.%)
1350 °C without 
Mineralizer
1350 °C with 
Mineralizer Test 6
1300 °C without 
Mineralizer
1300 °C with 
Mineralizer Test 2
1250 °C without 
Mineralizer
1250 °C with 
Mineralizer Test 5
C3S 55.0 44.7 37.6 48.2 29.2 39.9
β-C2S 24.1 36.5 41.8 32.1 49.4 36.1
C3A cubic 5.1 3.3 – 2.4 – 1.8
C3A orthorhombic 0.4 – 3.0 – 3.9 –
C4AF 14.2 13.9 9.2 15.3 5.7 16.8
CaO 0.4 0.4 2.4 – 6.2 0.4
MgO 0.4 0.5 0.6 0.4 0.6 0.5
K2SO4 – – 0.6 – 1.1 –
CaSO4.2H2O – – – 0.4 – 0.6
CaSO4.1/2H2O 0.4 – 1.2 – 1.3 –
CaSO4 – – – 0.5 – –
Ca(OH)2 – 0.7 3.7 0.6 2.6 2.4
11CaO.7Al2O3.CaF2 – – – – – 1.5
Figure 4. Diffraction patterns of raw mixture without mineralizer and test 6 mixture at 1350 °C.
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Figure 6. DRX of raw mixture without mineralizer and test 5 mixture at 1250 °C.
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Figure 9. DSC of raw mixture without mineralizer and test 5 mixture at 1250 °C.
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3.2.4. Optical Microscopy (Petrography)
Figures 10, 11, and 12 show better-defined 
particles of  calcium silicates and calcium alumi-
nates in the mineralized clinker than in the clin-
ker without mineralizers at the same temperature. 
This indicates that the mineralizers had a positive 
effect on the clinkering process. The clinkering 
process at 1250 °C (Figure 12) requires a longer 
time or higher sintering temperature in order to 
achieve the complete formation of  the clinker’s 
phases.
Figure 10. Petrographic comparison of mineralized clinker - test 6  
(photographs b and d) and clinker without mineralizers (photographs a and c), at 1350 °C.
Ref 1350 °C (40X)
Without Mineralization
Test 6 (40X)
With Mineralization 
C3S
C3S
C3S
C2S α’ 
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Figure 11. Petrographic comparison of mineralized clinker - test 2  
(photographs b and d) and clinker without mineralizers (photographs a and c), at 1300 °C.
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Figure 12. Petrographic comparison of mineralized clinker - test 5  
(photographs b and d) and clinker without mineralizers (photographs a and c), at 1250 °C.
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An idiomorphic, equidimensional alite shape was 
obtained at a CaF2/CaSO4.2H2O ratio of 2/15 and a 
temperature greater than or equal to 1300 °C (tests 2 
and 6). The clinker also had improved reactivity in 
these conditions because it obtained a reactive phase 
of belite as α’ and α at lower temperatures. In con-
trast, xenomorphic crystals with irregular shapes 
were observed in the clinker without mineralization, 
indicating a lack of clinkering. This result is con-
sistent with those of researchers including García-
Díaz et al. (19), who found that CaF2 affected clinker 
phase content and polymorphism.
In regard to the assessment of  alite size, the 
samples with mineralizers always presented larger 
alite sizes (Table 5). Test 2 reached a regular size 
(28 micrometers) with evidence of a complete reac-
tion and crystallization. Based on this, it can be con-
cluded that the fluorite/gypsum ratio of 2/15 works 
efficiently at 1300 °C, allowing crystalline phases to 
form at a lower temperature.
Free CaO measurement in the clinker, XRD, 
DSC and optical microscopy were used to show that 
fluorite and gypsum have a significant effect at 
temper atures of 1300 °C and 1250 °C. It can be con-
cluded that the fluorite/gypsum ratio of 2/15 works 
efficient ly at 1300 °C, since the best results corre-
sponded to that sample (the greatest amount of alite, 
the least belite, the smallest amount of free lime and 
regularly sized alite).
3.2.5. Statistical model
The R-programming language was used in the 
analysis and modeling of the Box-Behnken experi-
mental design, because it has statistical packages 
to optimize the process variables. For this bound-
ary, curves were generated to identify the trend of 
the variables studied. The results obtained in the 
simulation showed the same behavior as the experi-
mental  results. The behavior obtained (Figure 13) 
showed that increases in fluorite and temperature led 
Table 5. Alite size
Sample Alite size (μm)
Ref 1350 °C 7.82
Test 6 11.00
Ref 1300 °C <7.00
Test 2 28.00
Ref 1250 °C <7.00
Figure 13. Boundary curves of the effect of fluorite, gypsum and temperature on free lime in the clinker.
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to decreased free lime in the clinker, while the low-
est fluorite/gypsum ratio (2/15) improved  clinkering 
(green areas).
4. CONCLUSIONS
By using fluorite and gypsum in the production 
of Portland cement clinker, it is possible to decrease 
the clinkering temperature, and thus reduce fuel 
consumption and emissions.
Petrographic analysis showed the appearance of 
calcium silicates and calcium aluminates at a lower 
temperature when mineralizers were incorporated 
into the raw materials.
The CaF2/CaSO4.2H2O ratio of 2/15 favored the 
production of idiomorphic alite in the appropri-
ate particle size and amount and belite α and α’ 
in the mineralized clinker. It showed evidence of a 
reactive clinker. This could enable cement plants to 
increase mineral additions to the cement, which is 
another way to reduce costs and emissions associ-
ated with lower clinker consumption.
Mineralizers showed a positive effect on free CaO 
content in the clinker. At 1300 °C and 1250 °C, all 
formulations with mineralization had less free CaO 
than the reference sample, which indicates efficient 
clinkering.
The clinker formulation presented in test 2 
(CaF2/CaSO4.2H2O=2/15, temperature=1300 °C, 
and fluorite=0.75) had an 81% reduction in free CaO 
compared to the clinker without  mineralization  at 
the same temperature. This ratio was the best for-
mulation found, from an energy standpoint. This 
represents temperature savings of 150 °C compared 
to a conventional clinker (1450 °C).
Fluorite and gypsum did not have a significant ef -
fect at a temperature higher than or equal to 1350 °C.
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